Despite the considerably improved efficiency of inorganic-organic metal hybrid perovskite solar cells (PSCs), electron transport is still a challenging issue. In this paper, we report the use of ZnO nanorods prepared by hydrothermal selfassembly as the electron transport layer in perovskite solar cells. The efficiency of the perovskite solar cells is significantly enhanced by passivating the interfacial defects via atomic layer deposition of Al 2 O 3 monolayers on the ZnO nanorods. By employing the Al 2 O 3 monolayers, the average power conversion efficiency of methylammonium lead iodide PSCs was increased from 10.33% to 15.06%, and the highest efficiency obtained was 16.08%. We suggest that the passivation of defects using the atomic layer deposition of monolayers might provide a new pathway for the improvement of all types of PSCs..
Nano Res. 2017, 10(3): 1092-1103 length, etc. Among the various perovskite materials, methylammonium lead iodide (MAPbI 3 ), with a bandgap of about 1.5 eV and an absorption spectrum up to 800 nm, has been extensively studied as a light harvester in solar cells. Following a rapid surge in the development of PSCs, the use of solution processed MAPbI 3 has increased the power conversion efficiency (PCE) of the PSCs over 20% [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The state-of-the-art PSCs consist of a mesoporous TiO 2 electron transport material (ETM), a MAPbI 3 lightabsorption layer and a spiro-OMeTAD hole transport layer. However, it is well known that the electron mobility of zinc oxide (ZnO) is substantially higher than that of TiO 2 . Hence, ZnO is considered as an ideal alternative to TiO 2 for the electron transport layer in the PSCs. Considerable efforts have been devoted to develop ZnO nanostructures-based PSCs. Liu et al. reported PSCs with PCEs of 13.5% and 15.7% by using ZnO nanoparticles as the ETM [19] . A PSC using ZnO nanorods (NRs) as the ETM has yielded PCE of 11% [20] . With Al-doped ZnO interfacial modification, the PCE of ZnO NRs-based PSC was significantly enhanced up to 10.7% [21] . Khalid and coworkers reported electron-rich, nitrogen doped ZnO NRs-based PSCs with the highest PCE reported so far, 16.1% [22] . The above mentioned results demonstrate that ZnO-based nanostructures are potential candidates to replace TiO 2 . However, it is to be noted that the PCE of ZnO ETM based PSCs is still inferior to that of the mesostructured TiO 2 based PSCs. It has been reported that the efficiency loss in ZnO ETM based PSC originates from the rapid carrier recombination at the interfaces, especially the interface between the ZnO NRs and the perovskite [23] [24] [25] . Therefore, it is critically important to passivate the defects at the interface between the oxide ETM and the perovskite material. In this paper, we report a new approach to passivate the interfacial defects between ZnO NRs and perovskite using atomic layer deposition (ALD). It has been reported that ALD-Al 2 O 3 film was used for passivation of silicon solar cells [26] . The Al 2 O 3 films were deposited by ALD at the interfaces between either perovskite and hole transport material (HTM) or HTM and the Ag electrode, for the isolation of the solar cells from the moisture in air [27] . ALD-Al 2 O 3 films have also been used as encapsulation layers for the protection of solar cells from moisture and oxygen [28] . ALD-Al 2 O 3 and ALD-TiO 2 layers have been deposited to passivate the surface defects of TiO 2 and ZnO ETMs in PSCs [29, 30] . In this work, we demonstrate that ALD-Al 2 O 3 monolayers can remarkably suppress the surface defects of ZnO NRs. The average PCE (PCE avg ) of the ZnO NRs-based PSCs was significantly improved from 10.33% to 15.06%. The highest efficiency of the PSCs achieved in the present work was 16.08%, which is the state-of-the-art efficiency of the ZnO-based PSCs [22] . The interface engineering proposed in this work can also be used to passivate defects in other types of PSCs.
Results and discussion

Preparation and optimization of ZnO NRs
A ZnO seed layer (30 nm) was prepared by magnetron sputtering at room temperature on a fluorine-doped tin oxide (FTO) glass substrate prior to the synthesis of the ZnO NRs. It has been demonstrated that the photovoltaic performance and the interfacial electronic behavior of the PSCs based on one-dimensional nanostructured ETM with surface-decorated MAPbI 3 nanocrystals strongly depend on the length of the oxide arrays [20] [21] [22] . In this study, the ZnO NRs were synthesized by the hydrothermal method. We assume that the lengths of the NRs depend directly on the growth duration at a fixed precursor concentration. The influence of the growth duration on the lengths of the ZnO NRs was examined using a fixed concentration of the precursor solution (35 mM). The ZnO NRs were grown at 90 °C for 0.5, 1, 2, and 3 h (marked as Samples A, B, C, and D, respectively). The length was determined by cross-sectional scanning electron microscopy (SEM) as shown in Figs. 1(a)-1(d) . The average lengths of the NRs for Samples A, B, C, and D were 342, 910, 1,730 and 2,000 nm, respectively. It is to be noted that the growth duration affects only the length of the NR and not its diameter [31, 32] . The diameter of the NR is controlled by the concentration of the precursor solution as evident from the SEM images in Fig. S1 (in the Electronic Supplementary Material (ESM)). In this study, it is difficult to prepare the perovskite capping layer with the same thickness on the ZnO NRs of different lengths. We used PbI 2 Nano Res. 2017, 10(3): 1092-1103 solutions with doses of 10, 20, 30, and 40 μL to prepare the perovskite capping layers on the ZnO NRs with average lengths of 342, 910, 1,730, and 2,000 nm, respectively, as shown in the cross-sectional SEM images in Figs. 1(e)-1(h). As shown in Fig. S2 (in the ESM), the passivation of the ALD-Al 2 O 3 monolayers shows negligible effects on the grain size, and perovskite films of good quality were prepared using the mixed solution of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) in the volume ratio (V DMF :V DMSO ) of 7:3. After the synthesis of the nanorods, the samples were annealed in O 2 at 500 °C for 30 min to improve the qualities of the seed layer and the NRs. The results of the X-ray diffraction (XRD) measurements shown in Fig. S3 (in the ESM ) confirm that the seed layer and the NRs are completely crystallized after annealing. Only a strong peak ascribed to the diffraction from the (0002) facet of wurtzite ZnO is observed. The (0002) diffraction peak indicates that the ZnO seed layer and the NRs are crystallized in the wurtzite structure with c-axis preferred orientation, which favors high electron mobility. Our previous work demonstrated that electrons generated in the bulk perovskite are easily conducted to the FTO electrode through the ZnO NRs electron transport layer because the ZnO NRs with c-axis preferred-orientation are perpendicular to the FTO substrate [33] . However, the XRD results obtained from the unannealed ZnO showed different crystal orientations, for instance, (100), (103), (112) and (201). Furthermore, the dense and completely crystallized ZnO seed layer also acts as a blocking layer that prevents direct contact between the FTO substrate and the perovskite, which considerably suppresses the carrier recombination. Figure 2 shows the flowchart of the processes of the interface engineering of the PSCs based on the ZnO NRs using ALD. In our previous work, we have established that the perovskite capping layer plays a crucial role as a protection layer to prevent direct contact between the ZnO NRs and the spiro-MeOTAD HTM [34, 35] . The configuration of the ZnO NRsbased PSC and the energy bands/levels of the layers in the solar cell are shown in Figs. 3(a) and 3(b), respectively. The energy level diagrams were constructed using the concept of vacuum-level alignment [17] . The individual energy levels of the various components of the device are relative to the vacuum level. Additionally, the perovskite capping layer captures photons efficiently which results in a superior light harvesting efficiency. A similar concern in mesoporous TiO 2 -based PSCs has also been extensively addressed. The remaining PbI 2 is always an issue for the reproducible performance of the PSCs. The performance of the PSCs is irreproducible because the ratio of MAPbI 3 to PbI 2 is not the same in each batch. As shown in the XRD patterns of Fig. 3 (c), no residual PbI 2 is observed in both Samples A and B, which suggests the complete conversion of PbI 2 to MAPbI 3 . More perovskite is loaded on longer nanorods, and the XRD results of Sample B indicate stronger peaks of (110), (112), (220), (310), and (312) planes of perovskite. The intensity of the diffraction peak of PbI 2 in Sample D is higher than that of Sample C. This result demonstrates that the amorphous and uniform PbI 2 is fully converted to perovskite crystals in Samples A and B which consist of shorter ZnO NRs. For Samples C and D, the remaining PbI 2 was not fully converted to perovskite crystals even after prolonging the dipping to 1 h.
Effect of length of ZnO NRs on PCE
As shown in Fig. S4 (a) (in the ESM), the perovskite film was peeled off after a dipping time of 1 h. In Fig. S4 (b) (in the ESM), a strong absorption peak was observed around 775 nm ascribed to perovskite, indicating the complete conversion of PbI 2 to MAPbI 3 after a dipping time of 1 min with the optimized length of the ZnO NRs. This result is consistent with the sequential deposition of perovskite reported by Grätzel et al. [4] . The capping layer of the crystallized perovskite on top of the ZnO NRs prevents the conversion of the remaining PbI 2 among the NRs to MAPbI 3 ; higher amounts of PbI 2 remain in Samples C and D with longer nanorods as they are able to load more PbI 2 . The partial conversion of PbI 2 leads to a mixture of MAPbI 3 -PbI 2 as well as a hardly controllable amount of remaining PbI 2 [36] . As shown in Fig. 3(d) and Table 1 , the performance of the PSCs based on the as-grown ZnO NRs clearly depends on the length of the NRs. The PSC (Sample A) based on the ZnO NRs with length of 342 nm exhibits PCE of 7.70%, current density (J sc ) of 13.11 mA/cm 2 , fill factor (FF) of 58.67% and open circuit voltage (V oc ) of 1.00 V. As the length of the NR increases, the PCE and the J sc of Sample B increase to 10.38% and 17.85 mA/cm 2 , Figure 2 Flow chart of the experimental processes.
Nano Res. 2017, 10(3): 1092-1103 respectively. For the perovskite capping layers with similar thicknesses, the length-related improvement in the performance is due to the increased loading of perovskite in longer ZnO NRs, resulting in more light absorption. It is reasonable to believe that both the light harvesting and the charge generation efficiencies increase with increase in the length of the ZnO NRs. However, the performances of Samples C and D degraded as the lengths of the ZnO NRs were increased to 1,730 and 2,000 nm, respectively. The increased length raises the transport distance and the resistance of the photo-generated carriers, leading to more recombinations of the carriers. Furthermore, for the PSCs with longer ZnO NRs, the major contribution to the light harvesting comes from the capping layers. Therefore, the increase in the amount of perovskite among the ZnO NRs hardly enhances the performance further.
The above results demonstrate that the PSC based on the ZnO NRs of length 910 nm (Sample B) exhibits the best performance among the PSCs prepared using ZnO NRs of different lengths. The following studies therefore are focused on the performance of the PSCs based on the ZnO NRs of length 910 nm. As shown in Fig. S5 (in the ESM), the annealing process increased the PCE of the PSCs from 10.38% to 11.72%. The improved quality of the ZnO NRs through annealing is essential for the fabrication of PSCs with high efficiency [37] . Additionally, the perovskite material may directly contact FTO through a thin seed layer, leading to a large leakage current and hence reduced V oc . The V oc increases with the thickness of the seed layer owing to the suppressed leakage current. Therefore, all the PSCs with seed layers of similar thicknesses exhibit similar V oc , because the V oc mainly depends on the thickness of the ZnO seed layer. The single crystalline ZnO ETM obtained by annealing is c-axis oriented as well as perpendicular to the FTO substrate, providing a direct carrier pathway. The PCE of the device is therefore significantly improved due to the efficient electron collection by the Au electrode. Furthermore, the as-grown ZnO NRs are polycrystalline, which may disturb the transport of free electrons in the ZnO ETM. This increases the scattering of the free electrons in the ZnO ETM, leading to deterioration in the performance of the PSC [38] [39] [40] [41] .
Interface engineering of PSCs using ALD
As indicated above, enhancement in the performance is possible for the PSCs based on single crystal ZnO NRs because the trap states are suppressed to a certain extent. To further investigate the influence of interface engineering on the performance of the PSCs, ALD-Al 2 O 3 monolayers were coated on the surface of the annealed ZnO NRs to suppress the defects, resulting in enhanced PCE of the solar cells. As displayed in Fig. S6 (in the ESM) , the linear increment in the thickness with the number of cycles of ALD indicates the improved passivation of the ZnO NRs by ALD-Al 2 O 3 . In addition, Al is chemically active, and thus can be easily oxidized in the water cycle. The linear growth demonstrates the conformal deposition of the individual atomic layers. The quality of the Al 2 O 3 film is ascertained from the complete oxidation and the conformal deposition. This is also suggested in the literature [42] [43] [44] . The energy levels of the interface engineered solar devices including the bandgap of the ALD-Al 2 O 3 monolayers are shown in the inset of Fig. 4(a) . As the number of the ALD-Al 2 O 3 monolayers increases, the wide bandgap of Al 2 O 3 could block the tunneling of free electrons from MAPbI 3 to ZnO, which degrades the PCE of the solar devices. As a result, there is a trade-off between the PCE enhancement and the degradation induced by the Figure 4(a) shows that the performance of the ZnO NRs-based PSCs is significantly enhanced by the ALD-Al 2 O 3 coating and also depends on the number of ALD cycles. As summarized in Table 2 , one cycle of ALD-Al 2 O 3 coating on the ZnO NRs increases the PCE from 11.72% to 12.62%, the J sc from 19.65 to 20.90 mA/cm 2 , the FF from 58.46% to 59.13%, and the V oc from 1.020 to 1.021 V. To investigate the influence of the ALD-Al 2 O 3 coating on the surface electron trap density of ZnO, we measured the I-V curves of ZnO with contacts, as shown in Fig. 4(b) . The log-log plots of the I-V curves demonstrate that the current increases linearly with the voltage in the region of lower bias voltage. In the region of higher bias voltage, the current increases at a much higher slope. The transition point is the ohmic to trap-filled limit voltage (V TFL ) and linearly related to the trap density (N t ) [45] .
The value of V TFL increases with the electron traps and can be estimated from the I-V curves. The V TFL of the devices based on ZnO (1.20 V) is higher than that of the devices based on ZnO with two cycles of ALD-Al 2 O 3 (1.00 V). According to the relation between the surface traps and the V TFL , the density of the surface electron traps in ZnO is much higher than that of the surface electron traps in the ALD-Al 2 O 3 coated ZnO. These results indicate the reduction in the surface defects of ZnO due to the passivation effect of the ALD-Al 2 O 3 monolayers. As shown in Fig. 4(c) , the inferior performance of the ZnO NRs-based PSCs is mainly due to the trap states derived from the defects on the surface of the ZnO NRs. In PSCs, the generated free carriers from MAPbI 3 dissociate mainly at the interface of ETM/MAPbI 3 . The photogenerated holes may be captured easily by the defect induced trap on the surface of the ZnO NRs. The ALD-Al 2 O 3 coating Fig. 4(d) indicates the onset of photocurrent at 800 nm, which is consistent with the reported bandgap of MAPbI 3 (1.55 eV) [11, 46] . Although both the EQE spectra show similar shapes, the device fabricated with the two-cycle ALD-Al 2 O 3 coating on the annealed ZnO NRs attains higher EQE than that fabricated without the ALD-Al 2 O 3 coating on the ZnO NRs. Especially, without the ALD-Al 2 O 3 coating, in the wavelength range of 500 to 750 nm, the surface defects on the ZnO NRs lead to efficiency loss. The performance of the PSCs based on interface engineering using ALD is significantly improved by the suppression of the surface defects. As suggested by previous reports, the poor interface between the perovskite and the oxide ETM contributes majorly to the J-V hysteresis in the MAPbI 3 PSC [47, 48] . The J-V characteristics in both forward and reverse scanning directions, shown in Fig. 4(e) , demonstrate the best performances of the PSCs of the as-grown, the annealed and the 2-cycle ALD-Al 2 O 3 monolayer coated ZnO NRs (910 nm). The J-V curves of the PSCs based on the as-grown ZnO NRs show that the PCE from the forward scanning direction (PCE fwd ) is 10.38%, Nano Res. 2017, 10(3): 1092-1103 which is lower than that (10.60%) from the reverse scanning direction (PCE rev ). The PCE fwd of 11.72% obtained from the PSC based on the annealed ZnO NRs is slightly lower than the PCE rev of 11.90% as well. After the deposition of 2-cycle ALD-Al 2 O 3 monolayers on the annealed ZnO NRs, the J-V curves of the devices exhibit negligible hysteresis with the highest PCE fwd of 16.08%. Owing to the thermal annealing of ZnO and the ALD-Al 2 O 3 coating on the ZnO NRs, the best solar cell exhibits negligible hysteresis due to less interfacial defects between MAPbI 3 and the ZnO ETM. Reproducibility is essential for the commercial production of large area PSCs, and therefore, we fabricated 100 solar cell devices based on the annealed ZnO NRs and the annealed ZnO NRs passivated by the two-cycle ALD-Al 2 O 3 coating. The histogram shown in Fig. 4(f) exhibits the distribution of the efficiencies of the devices fabricated with/without ALD-Al 2 O 3 interface engineering. The statistical data shown in Table 3 suggests that the PSCs fabricated using ALDAl 2 O 3 coating yield lower standard deviations (0.49) and higher PCE avg of 15.06%. However, the PSCs fabricated without the ALD-Al 2 O 3 coating exhibit higher standard deviations (0.69) and lower PCE avg of 10.33%. These results demonstrate that the ALDAl 2 O 3 coating on the ZnO NRs also results in high reproducibility of the PSCs.
In order to confirm that the PCE improvement of the PSCs is ascribed to the ALD-Al 2 O 3 interface engineering, the full-scan XPS spectra of the ZnO NRs were recorded. As shown in Fig. 5(a) , the presence of Zn, O, and C is confirmed in both the ZnO NRs. The XPS peak of Zn 2p 3/2 centered at 1,022 eV corresponds to the ZnO NRs. The XPS peaks of Zn 2p of the two ZnO NRs samples correspond to the crystal lattice of zinc in ZnO [49] . Comparing the full-scan XPS spectra of the two samples, the weak, but distinct Al 2s peak at 125 eV is ascribed to the ALD-Al 2 O 3 coating. The C 1s peak at 285 eV is ascribed to the carbon contamination from the organic materials used to prepare the ZnO NRs [49] . As shown in Figs. 5(b) and 5(c), the XPS peaks of O 1s of the annealed ZnO NRs and the annealed ZnO NRs with the ALD-Al 2 O 3 coating can be deconvoluted into two components by fitting with the Gaussian function centered at 530 and 531 eV, respectively. The peak at the lower binding energy is attributed to the O 2-ions in the crystal lattice of ZnO, and the peak at the higher binding energy is associated with the O 2-ions in the oxygen-deficient regions within the matrix of ZnO [49, 50] . The peak centered at 531 eV is ascribed to the oxygen vacancies generated by loosely bound oxygen on the surface of ZnO NRs. The atomic percentages of the O 2-ions in the oxygen-deficient regions are reduced from 42.1% to 28.4% owing to the passivation by the ALD-Al 2 O 3 coating on the ZnO NRs. The XPS results indicate that the ALD-Al 2 O 3 coating on the ZnO NRs apparently suppresses the peak intensity of the O 2-ions because a certain amount of oxygen vacancies on the surface of the ZnO NRs are repaired. Figure 5(d) shows the photoluminescence (PL) property of the ZnO NRs measured at room temperature. The PL spectra clearly indicate that the ZnO NRs exhibit a near band edge ultraviolet (UV) emission at 380 nm and a broad emission band in the visible region (450-650 nm) that is usually associated with oxygen defects. Among the different defects proposed to explain the PL emission in the visible region, oxygen vacancies are considered to be the most prominent one [51, 52] . The intensity of the UV emission is clearly enhanced and that of the visible emission is suppressed to some extent by coating the ZnO NRs with ALD-Al 2 O 3 . Furthermore, the timeresolved PL spectra shown in the inset of Fig. 5(d) clearly show an improvement in the emission decay time, which supports that the ALD-Al 2 O 3 monolayers on the ZnO NRs suppress the surface recombination of MAPbI 3 , and thus the passivation enhances the PCE of the PSCs. The obtained XPS and PL spectra are also consistent with the results reported previously [29, 45, 51] . Therefore, the enhancement in the PCE of the PSCs shown in Fig. 4(e) is confirmed by the results of the XPS and the PL measurements shown in Fig. 5. 
Conclusions
High performance PSCs based on the interface engineering of ZnO NRs were successfully fabricated. The residual PbI 2 in MAPbI 3 crystals on the ZnO NRs was eliminated by utilizing the solvent mixture of DMSO and DMF (V DMF :V DMSO = 7:3) to suppress the crystallization rate of PbI 2 . The complete conversion of PbI 2 to MAPbI 3 resulted in a uniform surface morphology of the perovskite film, which ensured the reproducibility of the PSCs. The performance of the PSCs was significantly improved by the ALD interface engineering for surface defect passivation of ZnO NRs. The PSCs based on annealed ZnO NRs passivated by ALD-Al 2 O 3 exhibit the highest PCE of 16.08% and average PCE of 15.06%. We suggest that the ALD of monolayers provides a new method for the passivation of defects in PSCs.
Experimental
Growth of ZnO NRs and fabrication of PSCs
The ZnO NRs were grown based on a two-step method reported elsewhere [20, 21] . A thin ZnO (30 nm) seed layer was prepared on a FTO coated glass substrate. The well-arranged ZnO NRs were fabricated by immersing the pre-seeded samples into a solution of Zn(NO 3 ) 2 and hexamethylenetetramine at 95 °C . The Al 2 O 3 monolayers were deposited by ALD on the as-prepared ZnO NRs. The PSCs were fabricated using the ZnO NRs by a two-step method in a nitrogenfilled glove box (< 1 ppm of O 2 and H 2 O). The PbI 2 (460 mg/mL) was dissolved in a mixed solution of DMF and DMSO (V DMF :V DMSO = 7:3) at 70 °C . Following the spin-coating of the dissolved PbI 2 solution on the ZnO NRs at 5,000 rpm for 30 s, the sample was dipped Nano Res. 2017, 10(3): 1092-1103 into a solution of methylammonium iodide (MAI) for 1 min (MAI was dissolved in 2-propanol under stirring at a concentration of 10 mg/mL). Consequently, the MAPbI 3 perovskite layer was produced by heating the sample at 100 °C for 5 min. The hole transporting layer was deposited by spin-coating the spiro-OMeTAD solution at 4,000 rpm for 30 s. Finally, 80 nm of gold was deposited by e-beam evaporation on the top of the devices as a back contact.
Measurement and characterization
The measurement of the current-voltage curves was carried out under AM 1.5 simulated sunlight (Newport, Oriel Sol3A Class Simulator, calibrated using an NRELcalibrated Si solar cell) with a Keithley 2400 sourcemeter. The EQE measurements were performed employing a 150 W Xe lamp coupled with a monochromator controlled by a computer. The photocurrent was measured using the optical power meter 70310 from Oriel Instruments, using a Si photodiode to calibrate the system. The surface morphology, cross-sectional images of the NRs, and the structures of the complete solar cell were obtained using a field emission SEM (FEI-Inspect F50, Holland). The XRD measurements were performed using a Bede D1 system with Cu Kα radiation. The ultraviolet-visible (UV-Vis) absorption spectra of ZnO NRs/perovskite films were obtained using a UV-Vis spectrophotometer (Shimadzu UV-3101 PC). The XPS characterizations were carried out using a Thermo Scientific X-ray spectrometer (Escalab 250Xi).
